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Contact resistance and overlapping capacitance in flexible sub-micron long oxide thin-film transistors for above 100 MHz operation Niko M€ unzenrieder, a),b) Giovanni A. Salvatore, b) In recent years new forms of electronic devices such as electronic papers, flexible displays, epidermal sensors, and smart textiles have become reality. Thin-film transistors (TFTs) are the basic blocks of the circuits used in such devices and need to operate above 100 MHz to efficiently treat signals in RF systems and address pixels in high resolution displays. Beyond the choice of the semiconductor, i.e., silicon, graphene, organics, or amorphous oxides, the junctionless nature of TFTs and its geometry imply some limitations which become evident and important in devices with scaled channel length. Furthermore, the mechanical instability of flexible substrates limits the feature size of flexible TFTs. Contact resistance and overlapping capacitance are two parasitic effects which limit the transit frequency of transistors. They are often considered independent, while a deeper analysis of TFTs geometry imposes to handle them together; in fact, they both depend on the overlapping length (L OV ) between source/drain and the gate contacts. Here, we conduct a quantitative analysis based on a large number of flexible ultra-scaled IGZO TFTs. Devices with three different values of overlap length and channel length down to 0.5 lm are fabricated to experimentally investigate the scaling behavior of the transit frequency. Contact resistance and overlapping capacitance depend in opposite ways on L OV . These findings establish routes for the optimization of the dimension of source/drain contact pads and suggest design guidelines to achieve megahertz operation in flexible IGZO TFTs and circuits. V C 2014 AIP Publishing LLC.
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The advancements, which have been achieved in materials processing and assembling, have enabled new forms of electronics like flexible displays, 1 electronic papers, 2 smart textiles, 3 stretchable and epidermal sensors, 4 and dissolvable circuits. 5 Different forms of silicon, 6,7 carbon based materials like nanotubes or organic polymers and small molecules, [8] [9] [10] or amorphous semiconductors can be used to build such devices. 11, 12 Deformable wireless sensors or bendable radio frequency transceivers require electronic circuits which operate in the megahertz regime in order to treat signals, and transmit data. The basic components of all these flexible circuits are thin-film transistors (TFTs) who should be optimized to achieve sufficient electrical and mechanical performance using cost effective fabrication methods. Among the parameters describing the electrical operation of TFTs, the transit frequency, f T , is one of the most important since it quantifies the speed of the devices. In first approximation, it reads as follows: 13
(1) here g m is the transconductance, l is the carrier mobility, L CH is the channel length, and V GS À V TH is the gate overdrive voltage of the TFT. The gate capacitance C G ¼ C GS þ C GD is the sum of the gate-to-source and the gate-to-drain capacitance. For V GS À V TH ¼ 3 V and L CH ¼ 1 lm, devices based on organic semiconductors have demonstrated a f T of about 10 MHz since the mobility is in order of 1 cm 2 V À1 s À1 ; 10 inorganic semiconductors can reach the gigahertz regime if based on high quality crystalline semiconductors, 6, 14 but such merits usually come at the expense of complex fabrication methods; 6, 9, 10, 15 graphene and transition metal dichalcogenides promise high mobility 16 but the technology development is still at its infancy. 17 TFTs based on amorphous oxide semiconductors like Indium-Gallium-Zinc-Oxide (IGZO) are an alternative since they can be manufactured on large-scale substrates and provide mobilities >10 cm 2 V À1 s À1 which, according to Eq. (1) leads to a f T of %500 MHz (assuming a channel length of 1 lm, an over-bias voltage of 2 V, and a carrier mobility of 15 cm 2 V À1 s À1 ). 12 Beyond the choice of the semiconductor, the design and geometry especially of flexible junctionless thin-film transistors impose some limitations. The parameters of Eq. (1) are affected by the contact resistance R C, and parasitic overlap capacities C OV, between the gate and source/drain metallization ( Fig. 1 ). In flexible devices, these overlaps are caused by the fabrication on mechanically and thermally instable flexible substrates. 18 This leads to the fact that f T values for 1 lm-long IGZO TFTs are <100 MHz ( Figure S2(d) 19 ). 20, 21 In fact, if the channel length is reduced below 1 lm the channel resistance becomes smaller than the contact resistance, thus causing the effective mobility l eff , to drop. This can be modelled as follows: 
whereas < CfL OV g is a function of the overlapping length between gate and source/drain (L OV ), describing the contact resistance. Similarly, the channel capacitance decreases while the parasitic overlap capacitance remains constant if the channel length is reduced. Although the influence of device scaling on C OV and R C is widely described in literature, the two parameters are usually treated separately. However, a deeper analysis of the TFT geometry reveals that, due to the carrier accumulation layer between gate and source/drain contacts in staggered TFTs, C OV and R C are not independent from each other and they both directly depend on L OV . 10, 23 Here, we conduct a quantitative analysis based on a large number of flexible ultra-scaled IGZO TFTs. Flexible devices with three different values of overlap length and channel length down to 0.5 lm are fabricated to investigate the scaling behavior of the transit frequency. A model is developed to predict the effects of scaling and to identify resistance-and capacitance-dominated regions. Systematic evaluation of the experimental data and accurate modeling reveal that R C and C OV are not independent and they depend on L OV in opposite ways. This study establishes routes for the optimization of the dimension of source/drain contact pads of junctionless transistors and demonstrates design guidelines to achieve operation of TFTs and circuits in the megahertz regime.
The flexible transistors investigated in this study are presented in Fig. 1 . TFTs are fabricated on free-standing polyimide foil using metallic contacts, Al 2 O 3 as gate insulator and passivation, and IGZO as semiconductor. Layer structuring was done by conventional and self-aligned lithography. The fabrication process is described elsewhere. 18, 21 The TFTs exhibit channel length between 10 lm and 0.5 lm, and gate to source/drain overlaps L OV of 15 lm, 5 lm, and 1.5 lm. These dimensions are limited by the deformation of the flexible substrate during the fabrication process. Here, L CH is defined as the distance between the metallic source/drain contacts and was measured using an optical microscope and an SEM. The DC performance of the resulting TFTs is shown in supplementary Fig. S1 . 19 The transistors exhibit an average effective mobility l eff of %15 cm 2 V À1 s À1 and a threshold voltage V TH around 0.45 V (extracted using the Shichman-Hodges model of the TFT current 13 ). The transistors continue to work when bent to a tensile radius of 3.5 mm which corresponds to 0.5% strain (supplementary Fig.  S3 19 ) . 7, 12, 21, 24 Larger strain causes cracks and destroys the TFTs permanently. 18 Due to the ratio between the lateral structure sizes and the layer thicknesses of the TFTs (Fig. 1) , as well as because of the obtained TFT characteristics, short channel effects are assumed to be negligible.
Since analog circuits, in particular, amplifiers, have to deliver a high gain and operation frequency, TFTs with high f T , g m , and internal gain g m /g ds (with output resistance g ds ) are desired. The important dimensional parameters, influencing the electrical performance, are the gate to source/drain overlap length L OV , and the channel length L CH and width W. Shorter TFT channels increase g m , and decrease the channel capacitance simultaneously, leading to improved transit frequencies. W influences the absolute drain current, but not the AC performance. L OV determines the contact area between the source/drain metallization and the size of the accumulation layer inside the IGZO. This area influences the parasitic gate to source/drain overlap capacities C OV and the contact resistance R C . Additionally, the contact resistance can, for example, also be influenced by the FIG. 1 . Flexible bottom-gate TFT fabricated on free-standing plastic foil. The channel length L CH , and width W set the channel resistances and capacitance (R C and C CH ). The overlap length L OV defines the source/drain to gate overlap, and determines the contact resistances R CH , and overlap capacitance C OV . The SEM image shows a flexible IGZO TFT whose channel length is only 0.5 lm. The optical microscope images show two devices with two different L OV . electronic properties of the contact metal, 25 or by plasma and heat treatments. 26 The presented TFTs with optimized Ti/Au and Cr/Au contacts exhibit state-of-the-art width-normalized contact resistances of 5.6 X cm (L OV ¼ 15 lm), 6.7 X cm (L OV ¼ 5 lm), and 12.4 X cm (L OV ¼ 1.5 lm). 22 ,27 R C was extracted using the transmission-line method. 28 As shown in Fig. 2(a) , R C can reach values comparable to the channel resistance of short channel TFTs (L CH Շ 2 lm), and reduce l eff to values <10 cm 2 V À1 s À1 (Fig. 2(b) ). 22, 29 Contrary to this Fig. 2(c) shows an increase of f T with decreasing L OV . This reflects the influence of the gate capacitance on f T (Eq.
(1)). Since C OV directly contributes to the gate capacitance and is proportional to L OV , small L OV values are beneficial. Overall, it can be concluded that the opposing effects of L OV on the capacitance and the resistance, require efforts to optimize the TFT AC performance.
A similar trade-off is necessary when TFTs are used as building blocks for flexible circuits. The influence of the TFT dimensions on the width-normalized transconductance and the internal gain is shown in Figs. 3(a) and 3(b) . High contact resistances caused by small overlap length reduce g m and increase g ds . To demonstrate the consequences of TFT scaling on the performance of circuits flexible common source amplifiers, shown in Fig. 3(c) , have been fabricated. Fig. 3(d) shows Bode plots of circuits based on flexible IGZO TFTs with the following dimensions: Circuit 1: L CH ¼ 2.5 lm, L OV ¼ 5 lm; circuit 2: L CH ¼ 2.5 lm, L OV ¼ 1.5 lm; and circuit 3: L CH ¼ 0.5 lm, L OV ¼ 1.5 lm. All amplifiers were tested by applying a sinusoidal input signal with a peak-to-peak amplitude of 100 mV and a supply voltage of 5 V. The output was monitored with an oscilloscope, using an output load of 2 pF and 1 MX. The TFTs of circuit 1 exhibit a transit frequency of %20 MHz, and an internal gain around 50, the circuit has a voltage gain A V of 7 dB, and a unity gain frequency f 0 of 1.5 MHz resulting in a gain-bandwidth product GBWP of 3.4 MHz. The reduction of the overlap in circuit 2 (f T % 35 MHz, g m /g ds % 10) leads to a higher f 0 (3.2 MHz) but slightly smaller A V (3.1 dB) resulting in an improved GBWP of 6.4 MHz. Further scaling of the TFTs in circuit 3 (f T % 130 MHz, g m /g ds % 2) again increases f 0 (4 MHz) but also reduces A V to 2.7 dB and the GBWP to 5.4 MHz. This demonstrates that smaller TFT dimensions are not necessarily beneficial for the performance of the circuits.
The optimization of the TFT AC performance requires device dimensions with an ideal combination of L CH and L OV , to ensure an optimal tradeoff between C G and R C . Therefore, the effects of the device geometry on C G and R C have to be included into Eqs. (1) and (2) . Similar to a plate capacitor, the width-normalized gate capacitance and the channel dimensions are linked by the following formula: 13 FIG. 2. Performance of IGZO TFTs. (a) Ratio between contact-and channel resistance R C /R CH as function of L CH for TFTs with different L OV . For small channel length the R C /R CH ratio becomes larger than 1 and results in a drop of the effective mobility (b). (c) Transit frequency f T of flexible TFTs with different channel dimensions. f T was extracted from the current-gain h 21 (calculated from measured S-parameters). The transit frequency was extracted as the unity-gain frequency of the current-gain h 21 (Fig. S2(d) 19 ). 
Additionally, based on the present measurements, the correlation between L OV and R C is modeled by an exponential function: 30
with A, B, and C as fitting constants. The contact resistances of the presented TFTs result in the following fitted values (supplementary Fig. S2(c) 19 ): A ¼ 5.6 X cm, B ¼ 12.6 X cm, and C ¼ 0.414 lm À1 . Accordingly, the following expression for f T of flexible IGZO TFTs can be derived:
Here, C OX is the oxide capacitance and g m; 0 ¼ l 0 Â C OX ÂðV GS À V TH Þ the width-normalized intrinsic transconductance at a given bias point. Equation (5) is split into three independent factors which are defined as follows: f T; 0 is the transit frequency of an ideal TFT (with R C ¼ 0 X cm, and C OV ¼ 0 F lm À1 ), whereas f C and f R are factors <1 describing the destructive influence of C OV and R C . Equation (5) can predict the effects of scaling flexible IGZO TFTs with unchanged layer structure. Fig. 4(a) displays the modeled f T for different combinations of L CH and L OV . Besides the absolute f T calculation, the developed model also determines the influence of R C and C OV . Fig.  4(b) visualizes the factors f T; 0 , f C , and f R , and validates Eq. (5) by showing good agreement between calculated and measured transit frequency. Additionally, it illustrates that R C is dominating the TFT AC performance for L CH Շ 1 lm, which leads to a saturation of f T . The relative influence of R C and C OV on f T depends on L CH and L OV , and is quantified by the ratio between f C and f R . This ratio is plotted in Fig.  4(c) . TFTs with L OV > 1 lm are dominated by the parasitic overlap capacities (f C =f R < 1), whereas TFTs with L OV < 1 lm are mainly influenced by the contact resistance (f C =f R > 1). The transition between resistance and capacitance dominated AC performance at L OV ¼ 1 lm is independent from the TFT channel length. Hence, the fabrication of IGZO TFTs with gate to source/drain overlaps <1 lm is only effective if the specific contact resistance can be decreased.
In conclusion, we studied the contact resistance and overlapping capacitance in flexible TFTs and their effect on the transit frequency. Transistors and circuits with three different values of overlap length, and channel length down to 0.5 lm were fabricated on free-standing plastic foil. Experimental data and modeling confirms that R C and C OV both directly depend on the overlapping length and that they cannot be optimized independently in junctionless thin-film transistors. Based on these findings, the limits of effective scaling of current flexible IGZO TFTs were explored and design guidelines to achieve an optimal trade-off between C G and R C for high speed device and circuit operation were suggested. 
